Syngas production (H 2 and CO) from carbon dioxide reforming of high density polyethylene (HDPE) over Ni-Al catalyst was evaluated in a two-stage fixed bed reactor. Syngas production was favoured by CO 2 addition, with the highest production of 138.81 mmol syngas g -1 HDPE , which was about six times higher than non-catalytic, non-CO 2 addition. The catalytic performances of nickel-based catalysts with different promoter metals (Cu, Mg and Co) in the CO 2 reforming of HDPE were also studied. It was found that Ni-Co-Al had an excellent anti-coking performance, with no detectable formation of coke on the catalyst surface. Moreover, the syngas production was significantly improved by the addition of Co compared to the Cu and Mg metal promoters. The CO 2 conversion for Ni-Co-Al catalyst was also the highest at 57.62 %.
Introduction
Recently, many efforts have been made to reduce CO 2 emissions to the atmosphere because of the projected high environmental impact related to climate change. The major source of CO 2 emissions is from fossil fuelled energy systems and the mitigation strategies to reduce CO 2 include carbon capture. Such processes are likely to generate large quantities of CO 2 which opens opportunities for CO 2 utilisation. The reforming of methane with CO 2 (dry reforming) for the production of H 2 and CO rich syngas has been reported to be promising by some researchers [1] [2] [3] .
In addition, waste plastics could be a potential source for the methane and other hydrocarbons required in the reforming process. Pyrolysis of waste plastics produces gaseous product which are rich in hydrocarbons. These hydrocarbons have the potential to be reformed with CO 2 to produce a H 2 and CO syngas.
It is known that the addition of catalysts in the reforming process has a beneficial influence on syngas production. The most widely used catalysts tend to be nickel-based and have been used to enhance steam reforming, partial oxidation, hydrogenation and dry reforming. Their high stability and catalytic activity, and lower cost compared to noble metal catalysts are the reasons that they are preferred for the reforming process [4, 5] . However, nickel catalysts are known to be prone to deactivation due to coke formation on the catalyst and nickel sintering [6] [7] [8] . It has been suggested by many studies that adjusting the support, addition of active metals and suitable catalyst preparation methods could improve catalyst stability [9] [10] [11] [12] . Lv, et al. investigated the pre-treatment of the silica supported nickel catalyst with ethylene glycol for the dry reforming of CH 4 [13] . They reported that the ethylene glycol pre-treatment modified the surface properties of the silica support, resulting in [14] . They found that there was a strong interaction between nickel oxide species and MgAl 2 O 4 which retarded the sintering of the nickel and also reduced the formation of coke. This paper is a continuation from our previous study [15] related to earlier work investigating the two-stage, pyrolysis-reforming of HDPE in relation to the steam and CO 2 reforming agent. The aim of this present paper is to study the effect of the addition of different metal promoters in the form of cobalt, magnesium and copper into nickel-alumina based catalysts in relation to the production of product syngas.
Carbon dioxide conversion and carbon formation on the catalysts was also investigated. Further investigation into the relation of the different molar ratios of NiCo-Al on syngas quality has also been conducted.
Materials and Methods

Materials
The high density polyethylene (HDPE) feedstock was obtained as 2 mm waste polymer pellets from Regain Polymers Ltd, UK. From the elemental analysis, the composition of the waste HDPE was 82 wt.% of carbon and 18 wt.% of hydrogen.
Several Ni-based alumina catalysts, Ni-Al, Ni-Mg-Al, Ni-Cu-Al and Ni-Co-Al, were used in this study. Catalyst preparation was based on the rising-pH method [5] . and Ni-Cu-Al were 1:1, 1:1:1 and 1:1:1 respectively. In addition, to investigate the influence of Co concentration on the syngas production, Ni-Co-Al molar ratios of 1:0.5:1, 1:1:1 and 1:2:1 were also investigated. All the catalysts were crushed using a mortar and pestle and finally sieved using a 50-212 m particle sieve.
Characterization of catalysts
A Nova 2200e surface area and pore analyser was used to obtain the Brunauer, Emmet and Teller (BET) surface area of each catalyst using the nitrogen adsorption technique. A Bruker D-8 diffractometer was used to record the X-ray diffraction (XRD) patterns of the prepared catalysts using a Cu-K radiation X-ray source with a Vantec position sensitive detector. The range was 10° -70° with a scanning step of 0.05°. The pattern identification was obtained using HighScore Plus software.
Temperature programmed reduction (H 2 -TPR) of the prepared catalysts used a Stanton-Redcroft thermogravimetric analyser (TGA). During the H 2 -TPR analysis, each fresh catalyst (20 mg) was first heated from room temperature to 150 °C at 20 °C min −1 and held for 30 min to remove water, then heated at 10 °C min −1 to a final temperature of 900 °C. The feed gas used was hydrogen (5% H 2 balanced with N 2 ).
The carbon deposited on the used catalysts were characterised using scanning electron microscopy (SEM) (LEO 1530) and also temperature-programmed oxidation (TPO) using a Shimadzu-50 thermogravimetric analyser (TGA). For TPO, the temperature programme was room temperature to 800 °C at 15 °C min -1 heating rate.
Experimental system.
The pyrolysis-reforming experiments with HDPE involved a two-stage fixed bed reactor (Figure 1 ). the Ni-based catalyst. The experimental procedure involved 1 g of catalyst which was placed in the second stage catalytic reactor and was first heated to 800 °C. The first stage pyrolysis reactor which contained 2 g of waste HDPE was then heated up to 500 °C at 10 °C min -1 . Nitrogen was used as carrier gas. Carbon dioxide with a flow rate of 6.0 g h -1 was injected into the second stage reforming furnace. The gaseous products after the two-stage, pyrolysis-reforming process were passed through a three stage dry-ice cooled condenser system to condense any liquids. The non-condensed gases were collected in a Tedlar TM gas sample bag for later, off-line gas analysis.
Repeat experiments were performed to ensure consistency and accuracy of the results as well as the stability of the reactor.
The collected gases in the gas sample bag were analysed by a gas chromatography (GC). A Varian 3380 GC with a 80-100 mesh HayeSep column and N 2 carrier gas and flame ionisation detector was used to analyse hydrocarbons (C 1 -C 4 ). to the catalytic activity of the catalyst, in which high surface area typically improves the activity of the catalyst [16, 17] . Addition of the Cu, Mg and Co promoters to the Ni-Al catalyst reduced the surface area of the catalysts. We also reported earlier a similar effect of the addition of Mg into a Ni-Al catalyst where catalyst surface area was reduced from 155 m 2 g -1 (Ni-Al (1:2)) to 99 m 2 g -1 (Ni-Mg-Al (1:1:1)) [18] .
The XRD spectra patterns of the Ni-Al, Ni-Cu-Al, Ni-Mg-Al and Ni-Co-Al catalysts were obtained from the X-ray diffraction analysis and the results are shown in Figure 2 . The metal appears to be well distributed throughout the catalysts. All of the catalysts exhibited XRD intensity peaks for the presence of NiO, Al 2 O 3 and NiAl 2 O 4 . In addition, four intensity peaks representative of CuO were observed for the Ni-Cu-Al catalyst [16] , two peaks for MgO and a peak of NiMgO for the Ni-Mg-Al catalyst [19] and five peaks of Co 3 O 4 for the Ni-Co-Al catalyst [20, 21] . Since the catalyst was not be treated or reduced prior to the analysis, the XRD patterns show that all the metal added to the catalysts remains in their oxide forms as expected. The XRD patterns for the different ratios of Ni-Co-Al catalyst are shown in Figure 3 . The patterns were similar, however small difference can be seen on the diffraction peaks, in which the peaks became more sharper as the amount of cobalt was increased, as the ratio was increased from 1:0.5:1 to 1:2:1. The pyrolysis-catalytic CO 2 reforming of HDPE with the Ni-Al catalyst was carried out at a catalyst temperature of 800 °C. The non-catalytic pyrolysis-CO 2 reforming of HDPE was also carried out where sand was used as the substitute for catalyst. Experiments without any catalyst or sand were also carried out as a baseline experiment for comparison with the results when sand or catalyst was used. The product yields are shown in Table 2 and the gas compositions of the experimental results are presented in Figure 5 . Figure 6 shows the carbon deposition and the CO 2 conversion from the pyrolysis-dry reforming of HDPE. The carbon deposition was the carbon deposited on the catalyst/sand after the experiment. Table 2 shows that in the absence of catalyst and with no CO 2 reforming agent, the HDPE was pyrolysed to produce a liquid product (33.5 wt.%), gas (46.9 wt.%) and significant deposition of carbon on the sand surface. The pyrolysis residue from HDPE was negligible. The residue was measured by weighing the sample holder in the first stage reactor ( Figure 1 ) before and after the experiment. Pyrolysis of HDPE usually produces high yields of oil/wax, typically ~80 wt.% [23] . However, in this work for the uncatalysed experiments, the pyrolysis gases pass through the sand bed at a temperature of 800 °C and are cracked to produce higher gas yield and significant deposits of carbon on the sand. The introduction of CO 2 in the non-catalytic experiment produced a marked increase in gas yield from 46.9 to 90.6 wt.%. It is suggested that the CO 2 was involved in the cracking and reforming of the hydrocarbon oil/wax to produce gases due to the marked reduction of liquid yield from 33.5 to 2.0 wt.%. CO 2 reforming also reduced the carbon deposited on the sand from 19.5 to 2.8 wt.%.
The introduction of the Ni-Al catalyst in the absence of CO 2 produced a slight decrease on the gas yield from 46.9 wt.% (sand) to 33.7 wt.%. This decrease in gas yield corresponded to a high carbon deposition of 56.0 wt.% on the Ni-Al catalyst and reduction of liquid yield to 7.5 wt.%. The introduction of CO 2 to the second reactor to produce dry CO 2 catalytic reforming reactions of the HDPE pyrolysis gases resulted in an improved production of gases to 93.2 wt.% while reducing the carbon deposited on the catalyst to 1.0 wt.%. The used Ni-Al catalyst was analysed by TPO and SEM and the DTG-TPO thermograms and SEM micrographs are shown in Figure 7 and Figure 8 respectively.
The DTG-TPO thermograms of the reacted Ni-Al catalyst with and without CO 2 (Figure 7) , indicated a mass increase in the DTG-TPO thermograms at around 450 °C which was attributed to the oxidation of the Ni particles during the oxidation process [24] . A large peak of carbonaceous coke oxidation occurred at a temperature of ~650 °C for the Ni-Al catalysts in the absence of CO 2 . The oxidation peak at ~650 °C was assigned to the oxidation of graphitic filamentous carbons which are more resistant to oxidation compared to amorphous carbons which are typically oxidised at ~450 °C [25] . Figure 8 confirmed the presence of large quantities of filamentous carbons. In the presence of CO 2 and the Ni-Al catalyst there was only a small oxidation peak at 650 °C, suggesting low carbon deposition, also confirmed by the carbon deposition shown in Table 2 and the SEM micrograph in Figure 8 . It is suggested that the reduction of carbon deposited on the catalyst might be due to the reaction between carbon and CO 2 (Reaction 2) [26] . Guczi, et al. [26] Cu, Mg and Co were added to the Ni-Al catalyst to investigate the influence of these metals towards higher syngas production, lower coke formation and higher CO 2 conversion compared to the Ni-Al catalyst. Table 2 and Figure 5 illustrate the effect of Cu, Mg or Co addition to the Ni-Al catalyst on syngas (H 2 and CO) production and gas composition.
In the experiments with no CO 2 addition to the second stage reactor, the gas yield for the Ni-Al catalyst was 33.7 wt.%, when Cu was added to the Ni-Al catalyst the gas yield increased to 52.3 wt.%, and for Mg addition and Co addition, the gas yield showed less of an increase to 39.9 wt.% and 38.6 wt.% respectively ( Table 2 ).
There was also a small decrease in the amount of carbon deposited on the catalyst (Table 2 ).
When CO 2 was introduced into the pyrolysis-catalytic CO 2 reforming of HDPE process, the amount of gases produced showed a small increase in the presence of the Ni-Cu-Al, Ni-Mg-Al and Ni-Co-Al catalysts compared to the gas yield using Ni-Al with CO 2 (Table 2 ). In addition, the relationship between carbon deposition and reforming of methane. They reported that increased metal content enhanced the CO 2 conversion and very low carbon deposits were formed, albeit that they used low metal concentrations (<4 wt.%). Zhang et al. [32] also reported that lower Ni-Co content catalysts had lower carbon deposition, but higher Ni-Co content produced significant carbon deposition when the catalysts were used over extended periods (~250 h). For the work reported here, there was no carbon deposition at the higher Co content NiCo-Al catalyst. However, no extended, time-on-stream experiments were carried out. 
Conclusions
The addition of catalyst to the CO 2 reforming of HDPE improved the production of synthesis gas (H 2 and CO). It is suggested that the catalytic CO 2 /dry reforming has a significant effect on the reformation of high molecular weight hydrocarbons to H 2 and CO in the catalytic dry reforming process. 
